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Abstract
The Michel parameters p, 77, f  and the chirality parameter ¿7, and the r  polarization VT are measured using 32012 
r  pair decays. Their values are extracted from the energy spectra of leptons and hadrons in r “ —> l~v\v7 and r ” —> vT 
decays, the energy and decay angular distributions in r~ p~vT decays, and the correlations in the energy spectra and 
angular distributions of the decay products.
Assuming universality in leptonic and semileptonic r  decays, the results are p = 0.794 ± 0.039 ± 0.031,7? = 0.25 ± 0.17 ±
0.1 I, f  = 0.94 ±0.21 ±0.07, $8 = 0.81 ± 0 .I4 ± 0 .06 , &  =-0.970±  0.053 ± 0.011, and P r= -0.154 ± 0.018 ± 0.012. The 
measurement is in agreement with the V - A  hypothesis for the weak charged current.
1. Introduction
The subject of this paper is an investigation of the 
Lorentz structure of the charged current in leptonic 
and semileptonic r  decays. The undetected neutrinos 
and the unmeasured polarization of the outgoing lep- 
ton allow the measurement of only four Michel param­
eters [ 1-4] in the leptonic r  decays, r~ —» l~v\vT*
(/ = e, . O f these four parameters, p and 77 describe 
Lhe isotropic part of the lepton energy spectrum, while 
£ and describe the angular distribution asymmetry 
of the spectrum with respect to the r  spin direction. In 
semileptonic r  decays, r~ —> h~v7 (h = 7r, K or p) 
7  the chirality parameter £/, is interpreted as twice the 
average r  neutrino helicity.
1 Supported by the German Bundesministerium für Bildung, Wis­
senschaft, Forschung und Technologie.
2 Supported by the Hungarian OTKA fund under contract number 
T14459.
* Supported also by the Comisión Interministerial de Ciencia y 
Technologia.
4 Also supported by CONICET and Universidad Nacional de La 
Plata. CC 67. 1900 La Plata, Argentina.
s Also supported by Panjab University, Chandigarh-160014, India.
6 Formulae are given for the decay of the r~. In the analysis the 
charge conjugate decays are also used.
7 No distinction between charged pions and kaons is made in 
r~ —<> h~ p7 decay.
In muon decays the Lorentz structure was studied 
with high precision supporting the Standard Model 
V —A choice of the charged current structure and plac­
ing stringent bounds on charged current interactions 
other than V —A [5,6]. The purely leptonic decays of 
the r  lepton allow an independent study of the structure 
of the charged current. The larger mass of the r  ex­
pands the range of momentum transfers from that ex­
amined in muon decay, allowing more sensitive probes 
for new physics whose couplings are proportional to 
the lepton mass.
Measurements of Michel parameters in r  lepton de­
cays have been performed at low energy machines 
[7-13] and at LEP [14]. The advantage at LEP is 
the non-vanishing r  polarization which facilitates the 
measurement of £  and ¿¡8.
In this analysis data collected with the L3 detector 
in 1991, 1992 and 1993 are used. The Michel param­
eters p, 77, £  and f<5, the chirality parameter £/, and 
the average r  polarization VT are determined from 
a combined fit to the energy spectra of leptons and 
hadrons from r~ —> l~vivT and —+ 7t~vt decays, 
energy and decay angular distributions in r ” —> p~vT 
decays, and the correlations in the joint distributions 
of the decay products of both r ’s.
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2. Method of the measurement
Purely leptonic decays r I i>ivT can be de-
scribed by the most general four-fermion contact 
interaction Hamiltonian [ 1,2]. The matrix element in 
the helicity projection form can be written as [ 15,16]:
M
4Gr v
y/2
y-S, v,T 
A,i=R, L
x < (vT)m Tv rL > ( 1 )
Here Gf is the Fermi constant, y labels the scalar, vec­
tor and tensor interactions and A, i the chiral projec­
tions of the charged leptons. The neutrino helicities, 
n and m, are fixed when y, A and i are given. The 10 
complex coupling constants can be expressed in 
terms of Michel parameters [ 16]. Four of them, p, 77, 
£ and £<5, appear together with the average r  polariza­
tion VT in the charged lepton decay spectrum of the 
r [17-19]:
1 dT(r
r
->  / V\VT)
dxi
=  ¿0 U /) + vhlv(xi) + phlp(xi)
VT [ Ì h‘g(.X, ) + ÇStiçs(X ,  ) ]
/
(2 )
where x/ = E\jET ~ £//£beam is the normalized lep­
ton energy in the laboratory system. The h\{xi) are 
kinematical functions. In a similar way the semilep- 
Lonic r decays can be described with a matrix element 
ansatz leading to the relation [17-19]:
1 dV(r h vT)
=  h l i x h ) - V r h h ^ X H )
h
I clx}t
H o  ( XI, ) - Vr n ' l  ( X h ) , (3)
where £/, is the chirality parameter for a particular de-
ieam ÎS thecay. For r 7T v En/E, E jE bt
normalized pion energy. In the case of r ” —► p~vT , 
a quantity cop [20] is introduced and Hq and hpx are 
functions of cop. The quantity cop depends on the tt* 
and 77° energies and opening angle in the decay p± —>
and conserves their sensitivity to the r  polariza­
tion. Qualitatively, negative values of (op are enriched 
by left handed r "  and positive by right handed r~. In 
the neutral current decay Z —> r +r -, the helicities of 
the r ’s are nearly 100% anti-correlated. The joint de-
cay distribution for e+e * T+T A±B^nv (n =
2 ,3 ,4 ), where A and B are e, /ll, tt or p, is [ 17—19] :
1 d2T
r  dx/[dxu
=  H ' A ) ( ^ ) H < B ) ( ^ b ) +H\A)( x a )H\B)( x b )
-VT [HiA>(JCA) > ( jcb) +H‘aï
(4)
From this distribution, we can disentangle the Michel 
parameters, the chirality parameter and the average r 
polarization up to a sign ambiguity. The latter is re­
solved taking into account the left-right asymmetry 
measurement from the SLD experiment [21] or the di-
rect measurement of ^  in the r a, vT decay [2 2].
3. The L3 detector
The L3 detector is described in detail in Ref. [23]. 
The central tracker consists of a time expansion cham­
ber (TEC) surrounded by two thin proportional (Z- 
)chambers. The TEC delivers a precise track mea­
surement in the bending plane perpendicular to the 
beam direction and the Z-chambers provide a coor­
dinate along the beam direction. The central tracker 
is surrounded by a fine grained and high resolution 
electromagnetic calorimeter (BGO) composed of Bis­
muth Germanium Oxide crystals, a ring of scintilla­
tion counters, a uranium and brass hadron calorime­
ter with proportional wire chambers readout (HCAL) 
and a precise muon spectrometer consisting of three 
layers of multiwire drift chambers.
These subdetectors are installed in a 12 m diameter 
solenoidal magnet which provides a uniform field of 
0.5 T along the beam direction. In the following anal­
ysis only the barrel part of the detector with | cos 6\ < 
0.7 is used, where 6 is the polar angle with respect to 
the electron beam direction.
The TEC transverse momentum resolution is 
parametrized as (t^ / pt = 0.018pr(GeV/c), the 
BGO resolution is less than 2% above 1 GeV, the 
HCAL energy resolution for 77^  is determined to 
be AE/E = 55%/\/£(GeV)-f8% and the transverse 
momentum resolution of the muon spectrometer is 
2.8% for charged particles with pr = 45 GeV.
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4. Data analysis
A data sample corresponding to a total integrated 
luminosity of 69 pb" 1 collected by the L3 experiment 
during the 1991, 1992 and 1993 data taking periods is 
used in this analysis. A clean sample of lepton pairs 
produced in Z decays is obtained by following the 
preselection described in Ref. [24]. Only low multi­
plicity events with a ‘back-to-back’ topology are ac­
cepted. Each event is divided into two hemispheres by 
a plane perpendicular to the thrust axis. Particles are 
identified independently in each hemisphere.
4.1. Lepton identification
Electron candidates consist of an energy deposition 
in the BGO which is electromagnetic in shape and 
consistent in position and energy with a track in the 
central tracker. The energy deposition in the HCAL 
must be consistent with the tail of an electromagnetic 
shower and be less than 3 GeV. Muon candidates con­
sist of tracks in the muon spectrometer originating 
from the interaction point with a minimum ionizing 
particle response in BGO and HCAL. Only muons 
with track segments in three planes of the muon spec­
trometer are accepted. Muons with energies below 2,5 
GeV are stopped in the calorimeter. The electron and 
muon identification efficiency is estimated from Monte 
Carlo. The average values are 84% and 65%, respec­
tively.
4.2. Hadron identification
The selection of r~ —> 7t~ v 7 and r~ —► p~vr uses 
the central tracker and the calorimeters. An algorithm 
[24] is applied to disentangle overlapping neutral 
electromagnetic clusters in the vicinity of the impact 
point of the charged hadron in the BGO. Around the 
impact point, which is precisely predicted by the cen­
tral tracker, a hadronic shower whose shape is assumed 
energy independent is subtracted from the energy de­
position. Remaining local maxima of energy deposi­
tion are subject to electromagnetic neutral cluster crite­
ria, For accepted electromagnetic neutral clusters, the 
energies and angles are determined. Two distinct neu­
tral clusters form a 7r° candidate if their invariant mass 
is within 40 MeV of the 7r° mass. A single neutral clus­
ter forms a ir° candidate if its energy exceeds 1 GeV.
Its transverse energy profile has to be consistent with 
either a single electromagnetic shower or a two photon 
hypothesis for which the invariant mass is within 50 
MeV of the 7r° mass. The calorimetrical energy of the 
hadron, consisting of the sum of the hadronic energy 
depositions in the BGO and the HCAL, is then com­
bined with the measurement of the momentum in the 
central tracker by maximizing the likelihood for these 
two measurements to originate from a single hadron,
The r “ —» 7j~vr selection admits no 7r° candidates 
and no neutral clusters with energy greater than 0,5 
GeV. The energy deposition in the BGO and HCAL 
must be consistent with the measured track momen­
tum.
To select r~ —> p~vr decays, exactly one 7r° can­
didate is required in the hemisphere. The invariant 
mass of the (7T~7r°) system must be in the range 
0,45 to 1,20 GeV and its energy must be larger than 
5 GeV. The efficiencies to identify r~ —► 7r~vr and 
r~ —► p~vT decays are determined from Monte Carlo 
to be 68% and 62%, respectively.
43. Event selection and background rejection
Only events with at least one identified r  decay
are retained and classified into the following exclusive
i
groups: ee, ep,, e7r, ep, eX, ¡jltt, pup, /¿X, 77*77, np, 
7rX, pp and pX, where X stands for an unidentified r 
decay. The fraction of misidentified r  decays in each 
channel is determined using a sample of simulated 
e+e~ — > t +t ~" events which is ten times larger than 
the data sample, The final state where both r ’s decay 
into a muon is not used due to high background from 
Z —> (y) • Remaining non-r background is fur­
ther reduced by applying correlated cuts in both hemi­
spheres for events classified as ee, c/jl, zir, ep, /¿77\ 
fip , 77*77*, 7rp and pp decays. Bhabha and dimuon final 
states are rejected by requiring the total energy Etot < 
0.8i/s. An acollinearity cut e <  20° suppresses two 
photon background and radiative Bhabha events. Cos­
mic muons are rejected by the requirement that tracks 
originate from the interaction point and that scintilla­
tor hits associated with a muon track are within 2 ns 
of the beam crossing time.
For events classified as eX and ¿¿X, the unidentified 
hemisphere must not be consistent with an electron 
and muon, respectively. The unidentified hemisphere
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in 7rX and pX events must not be consistent with a high 
energy electron or muon. Bhabha, dimuon and two 
photon background shapes are estimated from Monte 
Carlo. The number of measured Bhabha, dimuon and 
two photon events is used for the normalization of the 
background. Finally, a data sample of 33763 events is
selected.
5. Fit procedure
We measure p, rj, £<5, ¿7, and VT using a binned 
maximum likelihood fit to the one-dimensional energy 
spectra of eX, fiX , 7tX and pX and to the joint decay 
distributions of ee, ep,, err, ep, ¡xtt, p ,p, 7777*, 77mp and 
pp final states. The likelihood function C is:
w>\'¡ e Wij 
fiii !
where i runs over the particle spectra and j  runs over 
the bins of each distribution in the fit. The quantity 
tiij is the number of data events observed in bin j  
of the ¿-th decay mode and vv//(p,77,£,f<5,£/I,'Pr) is 
the expected number of signal and background events. 
The sum wij is normalized to the total number of 
observed events in the corresponding distribution.
The expected number of events, w//, is obtained 
from the following procedure. The functions hl0, hlp,
hlv, hlg, hlgS, /zq and hf{ of Eqs.(2) and (3) are obtained 
from the KORALZ Monte Carlo program [25] with 
a modified version of the r decay library TAUOLA 
[26]. For each leptonic decay channel, samples of 
events corresponding to different values of Michel 
parameters are generated. The h functions are con­
structed from linear combinations of the decay spectra 
of these samples. Initial and final state QED radiative 
corrections in e+e” —> r +r “ (y ), radiation in the de­
cays r~ —» l~vivry and effects of the lepton masses 
are included. As an illustration, the shape of the func­
tions and h^8 are shown in Fig. 1 for the
t~ —> p,_ i ^ r decay compared to the Born approx­
imation [27]. As can be seen, radiative corrections 
distort the spectra very little. The functions for the 
t~ —> t~vevr decay are very similar, but the function 
contains a suppression factor me/mT, so that for 
r~ —> t~vevT the sensitivity to 77 is strongly reduced. 
For the r “ —► h~vT decays, Hq and hf{, shown in Fig. 2,
are obtained in a similar way. Using the functions con­
structed above, the decay distributions given in Eqs. 
(2), (3) and (4) are convoluted with the L3 detector 
resolution functions H a(xa\£)> where xa and £  de­
note the reconstructed and true values of the variables, 
respectively. The electron and muon energy measure­
ment is described by analytical resolution functions 
of the BGO and the muon spectrometer, which are
adjusted using Z e+e“ (y) and Z -> jm+p~(y) 
data. The pion energy resolution was modeled by a 
weighted combination of the measurements from the 
central tracker and the calorimeters. The shape of the 
h\ functions is nearly unchanged by this procedure. 
The r “ —j- 7t~vt functions and hf are shown in 
Fig. 2 before and after applying the detector resolution
and acceptance correction. For the r p vT decay
the functions and hp{ are obtained from a Monte 
Carlo sample, which is passed through the full detec­
tor simulation, reconstruction and identification pro­
cedure. In Fig. 2 these functions are compared to the 
generated ones.
The final signal distributions, £¿(*¿,<2 ) are:
SA(xA,a) = A a ( x a )
x / H A{xAU)
1 dV{T
r
A nv)
a
¿¡r, (5)
where a denotes the parameters of the fit: a = (VT> 
p, 77, £5, £/,). The acceptance functions A a(*a) 
are determined for each decay channel A from Monte 
Carlo. They are flat functions of Xa except for very 
low energies [28].
The expectation value in a bin j  is the sum of the 
integral of the signal Sa{xa, oí) over the bin and the 
background \>aj in the same bin:
wAj(a) = J  SA(xA, a ) dx + bAj (6 )
bin j
Two dimensional distributions are treated in the same 
way taking into account hemisphere correlations of
the variables.
The fit is performed in a range of variables which 
depends on the particular final state excluding regions 
of vanishing acceptance. The range of variables used 
for the fit, the number of selected events, the selec­
tion efficiency and the background fractions for every 
decay channel are shown in Table 1.
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6. Results
A common fit to all leptonic and semileptonic decay 
channels results in a simultaneous measurement of the 
Michel parameters p, rj, f  and the chirality param­
eter £/, and the r  polarization P r. The measured sin­
gle particle spectra are shown in Fig. 3 together with 
the result of (.he fit. As an example of the joint decay 
distributions, we show in Fig, 4 for the irp final state 
the pion energy spectrum for different slices of the a>p 
variable and vice versa for the p spectrum. At small 
values of cop) where r~ with negative helicity are en­
riched, the pions from the r+ tend to be less energetic
as expected for positive helicity. With growing cop 
the pion spectrum becomes harder, showing clearly 
the spin correlations. The results of the measurement 
and the prediction of the Standard Model are summa­
rized in Table 2. The per degree of freedom result­
ing from the fit with statistical errors only is 1.16 with 
2632 degrees of freedom. Correlation coefficients for 
the measured parameters are listed in Table 3.
We determine in an independent analysis the chi­
rality parameter £/, and the r polarization VT from 
the final states ntit, pp ,  pir ,  ttX and pX ,  where X 
means final states not identified as tt or p. The h func­
tions for this fit are constructed using Monte Carlo
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Table I
The iange of the variables used in the fit, the number of selected events, the selection efficiency and the background fractions from t  and 
non-r background for each channel.
Channel Fit range Events s (%) Bkg. (%) in 477-
non-r
e e min xe [ 0.05,0.8 j 
max xe [ 0.15,0.951
1005 34.4 2.0 3.1
e f i
Xft | 0.05, 1.1|
xe [ 0.05, 1.05] 1322 26.1 1.9 0.5
e 7t
\  v  10.09, 1.41
xe [ 0.05, 1.05 J 1092 30.2 9.7 1.0
e p xe [0.05, 1.1 
Û)p [ - 1., l. J
2269 30.0 13.5 0.2
e X xe [ 0.05, 1.1] 5891 61,8 1.1 6.2
f l 77* Xfi [0.05, 1. 1 
Xtt [0.09, 1.4 ]
802 25.2 10.8 5.6
/* P Xfji [ 0.05, 1.]
(Op [ - 1., I.]
1743 24.5 13.3 3.2
(1 X .*> [0.05, 1.1] 3870 42.5 0.6 5.6
77 7T x* [ 0.09, 1.4 ] 371 26.3 15.3 2.5
IT p Jvr 10.09, 1.4 ]
COp [ - 1., 1.1
1460 26.0 20.2 0.2
TV X x-jT [ 0., 1.4 j 3733 57.0 10.3 2.3
P P (Op [ - 1-, 1.1 1624 25.7 24.0 0.2
p X (Op I — 1., 1 . ] 6830 52.5 13.0 0.4
Total 32012
events passed through the full detector simulation, re­
construction and selection. The values obtained for TV 
and ¿7, are —0.165 ± 0.017 ± 0.011 and —0.960 ± 
0.051 ± 0 .0 12 , respectively, in agreement with the re­
sults above.
7. Systematic errors
Systematic errors are estimated for event selection, 
uncertainties in the background, the calibration of the 
subdetectors and Monte Carlo statistics. These sources 
are considered to be independent. The correspond­
ing systematic errors have been estimated from the 
changes in the fitted values of the parameters, varying 
the cuts for the event selection, the fraction of back­
ground contamination and the energy calibrations of 
the subdetectors. Systematic errors due to event se­
lection are small and mainly induced by cuts which 
correlate both hemispheres. The non-r background is 
varied within the statistical error of its normalization. 
The uncertainties of the background from other r de­
cays are estimated by varying the branching ratios of 
r decays within their errors [29]. They have a negli­
gible effect on the results. The accuracy of the BGO 
energy scale is estimated from the 7r° peak position to
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Table 2
The results for the Michel parameters, the chirality parameter £/, 
and the r polarization VT and their predictions in the Standard 
Model. The first error is statistical and the second systematic.
this measurement
»
V—A prediction
P 0.794 ±0.039 db 0.031 0.75
V 0.25 ±0.17 ±0.11 0.
£ 0.94 ±0.21 ±0.07 1.0
& 0.81 ±0.14 ±0.06 0.75
f/i -0.970 ±0.053 ±0.011 - 1.0
VT -0.154 ±0.018 ±0.012
be 1 % at 1 GeV and from Bhabha events to be 0.1% 
at 45 GeV. The momentum scale of the central tracker 
is known within 1% from a comparison to muon mo­
mentum measurements in the muon spectrometer. The 
muon momentum scale is known to better than 0.2% 
at 45 GeV from dimuon events. At low momenta, the 
muon momentum uncertainty is dominated by energy 
losses in the calorimeters, which are known to an ac­
curacy of 50 MeV. Possible energy scale errors for the 
BGO and HCAL for charged hadrons are estimated 
to be less than 1.5% from the peak position of the p 
resonance. The effect of finite Monte Carlo statistics 
is estimated by varying the acceptance values within
Table 3
The correlation coefficients for the Michel parameters, the chirality 
parameter and the r polarization.
V £ & à Vr
P 0.455 -0.165 -0.279 -0.324 0.421
V 0.119 0.076 - 0.010 0.020
i 0.033 0.106 0. i 44
& 0.365 -0.262
£h -0.447
their statistical errors, The summary of the systematic 
error study is given in Table 4,
8. Conclusion
A sample of 32012 e+e r+r events collected
by the L3 detector at LEP is selected with one or both 
r decays identified as r~ — e VaV
7T Vr or r
fX V ^  vr ,
p~"vr. Assuming only vector 
and axial vector couplings in the production process a 
measurement of the Michel parameters p, 77, £  and £5, 
the chirality parameter £/, and the average r polariza­
tion VT is performed. The results are summarized in 
Table 2 . The results are comparable with other recent
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Table 4
Summary of the systematic errors on the r polarization, the Michel parameters and the chirality parameter.
Uncertainty A p À 7}
<1
i1i
A £8 a ? t
selection 0.007 0.01 0.02 0.01 0.007 0.006
background 0.011 0.03 0.05 0.04 0.004 0.003
Calibration 0.026 0.08 0.04 0.03 0.006 0.009
MC statistics 0.012 0.06 0.02 0.04 0.003 0.005
Total 0.031 0.11 0.07 0.06 0.011 0.012
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measurements [12-14]. The value for the r polar­
ization VT obtained in this analysis is in agreement 
with the result of our previous r polarization measure­
ment [28 ]. The values for all Michel parameters are in 
agreement with a V—A structure of the weak charged 
current interaction in r lepton decays. The measure­
ment of the chirality parameter £/? agrees with only 
left handed r neutrinos in semileptonic r decays.
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